Eukaryotic translation termination is governed by eRF1 and eRF3. eRF1 recognizes the stop codons and then hydrolyzes peptidyl-tRNA. eRF3, which facilitates the termination process, belongs to the GTPase superfamily. In this study, the effect of the MC domain of eRF1a (eRF1aMC) on the GTPase activity of eRF3 was analyzed using fluorescence spectra and high-performance liquid chromatography. The results indicated eRF1aMC promotes the GTPase activity of eRF3, which is similar to the role of eRF1a. Furthermore, the increased affinity of eRF3 for GTP induced by eRF1aMC was dependent on the concentration of Mg
Eukaryotic translation termination is governed by eRF1 and eRF3. eRF1 recognizes the stop codons and then hydrolyzes peptidyl-tRNA. eRF3, which facilitates the termination process, belongs to the GTPase superfamily. In this study, the effect of the MC domain of eRF1a (eRF1aMC) on the GTPase activity of eRF3 was analyzed using fluorescence spectra and high-performance liquid chromatography. The results indicated eRF1aMC promotes the GTPase activity of eRF3, which is similar to the role of eRF1a. Furthermore, the increased affinity of eRF3 for GTP induced by eRF1aMC was dependent on the concentration of Mg
2+
. Changes in the secondary structure of eRF3C after binding GTP/GDP were detected by CD spectroscopy. The results revealed changes of conformation during formation of the eRF3C·GTP complex that were detected in the presence of eRF1a or eRF1aMC. The conformations of the eRF3C·eRF1a·GTP and eRF3C·eRF1aMC·GTP complexes were further altered upon the addition of Mg
. By contrast, there was no change in the conformation of GTP bound to free eRF3C or the eRF3C·eRF1aN complex. These results suggest that alterations in the conformation of GTP bound to eRF3 is dependent on eRF1a and Mg
, whereas the MC domain of eRF1a is responsible for the change in the conformation of GTP bound to eRF3 in Euplotes octocarinatus.
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Termination of protein synthesis in eukaryotes is mediated by two classes of polypeptide chain release factors (RFs). Class 1 RFs (eRF1s) recognize all three stop codons (UAG, UAA, and UGA), except in ciliates. Class 2 RF (eRF3) is a GTPase that facilitates the termination process [12, 15, 16] . eRF3 facilitates the recognition of stop codons by eRF1 and is responsible for GTP hydrolysis before polypeptide chain release [1, 27] . The GTPase activity of eRF3 is required to couple the recognition of translation termination signals by eRF1 with efficient polypeptide chain release [27] . eRF1 forms a complex with eRF3 through interaction of their C-terminal domains [6, 13, 22, 29] . eRF3 binding to eRF1 triggers a change of the eRF1 conformation [5] , which mediates the peptide release in translation termination. In humans (Homo sapiens), African clawed frogs (Xenopus laevis) and rabbits (Oryctologus cuniculas) eRF3 is a ribosome-dependent and eRF1-dependent GTPase [7, 9] . eRF1 stimulates GTP binding to eRF3 in humans, and this function depends on the concentration of Mg 2+ [10, 18, 24, 26] . eRF1 consists of domains N, M, and C [30] . Recent data have revealed that the M domain of eRF1 in humans is in contact with the GTPase domain of eRF3, and Arg192 in the M domain is important for the stimulatory effect of eRF1 on the GTPase activity of eRF3 [5, 18] . In contrast to formation of the eRF1·eRF3·GDP complex, formation of the eRF1·eRF3·GTP complex accompanies the structural rearrangements [19] .
Unlike other higher eukaryotes, ciliates have been reassigned stop codons as sense codons [14, 16, 21] . In Euplotes, the stop codon UGA is translated as cysteine, UAA is used as the main stop codon, and UAG is rarely found [23] . This hints at the specificity of protein synthesis termination in this species. GTP hydrolysis by eRF3 is a prerequisite for efficient stop codon recognition and peptide release [1, 27] . A recent study indicated that the TASNIKS motif of eRF1 and eRF3 function together to trigger changes of the conformation of eRF1 that couple stop codon recognition and peptide release [8] . A functional study of eRF3 as a GTPase is essential if we are to understand the reassignment of codons in Euplotes. An earlier study revealed that the GTPase activity of eRF3 is dependent on ribosomes and eRF1a. The binding of GTP to eRF3 and the GTP hydrolytic activity of eRF3 are promoted by eRF1a in Euplotes octocarinatus [31] . Here, we further analyzed the effect of eRF1aMC (corresponding to the MC domain of human eRF1) on the GTPase activity of eRF3 and found it to be promoted by the MC domain of eRF1a. Furthermore, the affinity of eRF3 for GTP is increased by eRF1aMC and is dependent on the concentration of Mg
. Investigation of the secondary structural changes of eRF3 after binding GTP/GDP suggests that the changed conformation of eRF3 bound to GTP is dependent on eRF1a and Mg 2+ and that the MC domain of eRF1a is responsible for inducing the changed conformation of eRF3 bound to GTP.
MATERIALS AND METHODS

Construction of Expression Plasmids
The eRF1aN gene (amino acid residues 1-140) was amplified from eRF1a cDNA (GenBank Accession No. AJ272501) with forward primer 5'-CGACTGCTAGCATGTCAATAATTGATAGT-3' (NheI site in italic boldface and underlined) and reverse primer 5'-AGCTC CTCGAGTTAATCATCATTCTCAAG-3' (XhoI site in italic boldface and underlined). The PCR product was gel-purified and subcloned into the NheI-XhoI site of pRSETc. The eRF1aMC gene (amino acid residues 141-447) was amplified from eRF1a cDNA with forward primer 5'-CGACAGAATTCATGGTT TTTGGATTT GT-3' (EcoRI site in italic boldface and underlined) and reverse primer 5'-AGCTCCTCGAGTTATAAATTTTTATGAGC-3' (XhoI site in italic boldface and underlined). The PCR product was subcloned into the EcoRI-XhoI site of pGEX-6p-1. The identity of the clones was confirmed by sequencing.
Protein Expression and Purification eRF3C and eRF1a were expressed and purified as has been previously described [31, 32] . The recombinant plasmids pRSETc-eRF1aN and pGEX-6p-1-eRF1aMC were transformed into E. coli strain BL21 (DE3). Transformants were grown at 37 o C to an absorbance of 600 nm of 0.4-0.6 and then induced with 0.1 mM IPTG for 16 h at 16 o C. Cells were harvested, lysed by sonication on ice, and centrifuged at 12,000 ×g for 15 min. The supernatant containing soluble recombinant His-eRF1aN was bound to a His60 Ni Superflow column and washed extensively with washing buffer (50 mM Na 3 PO 4 , 300 mM NaCl, 40 mM imidazole, pH 7.4). Finally, the recombinant His-eRF1aN protein was eluted with an elution buffer (50 mM Na
, 300 mM NaCl, 300 mM imidazole, pH 7.4). The supernatant containing soluble recombinant GST-eRF1aMC protein was bound to a glutathione Sepharose 4B column (Amersham-Pharmacia, Piscataway, USA) and washed extensively with PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na for eRF1aN and eRF1aMC, respectively. The extinction coefficients of eRF1aN and eRF1aMC were estimated by methods previously described [25] .
Fluorescence Spectroscopy
Fluorescence spectroscopy was performed by means previously described [31] . Quenching of the intrinsic fluorescence of the protein was achieved by adding small aliquots of nucleotides (60 µM GTP or 70 µM GDP) to the eRF3C·eRF1aMC complex at a concentration of 2 µM in the presence or in the absence of MgCl . Finally, 200 µl of the reaction mixture was used for CD measurements. All spectral data are presented as the average of three scans over the range 200-250 nm. Similar analyses were performed to measure the eRF3C·eRF1aN and eRF3C·eRF1aMC complexes bound to GTP or to GDP. Measurements of eRF1a, eRF1aN, and eRF1aMC bound to GTP or to GDP served as negative controls.
GTP Hydrolysis Assay
For the GTP hydrolysis assay of eRF3C in the presence and in the absence of 50 pM eRF1aMC, the reaction buffer (10 mM Hepes, pH 7.4, 50 mM NaCl) contained 50 pM eRF3C, 1 µg of rabbit ribosomes, 0.95 nM GTP, and 2 mM MgCl 2 . The rabbit reticulocyte ribosomal subunits were isolated by methods previously described [31] . The GTP hydrolysis assay was conducted at 30 o C and stopped by heating at 100 o C for 3 min. For the kinetic analysis of the GTPase activity of eRF3C in the presence of eRF1aMC, the rates of GTP hydrolysis were calculated for the above reaction mixture containing GTP at 0.03, 0.04, 0.06, 0.13, 0.16, 0.32, and 0.63 mM. The hydrolysis of GTP was measured by HPLC [31] . Finally, the data were analyzed by constructing Lineweaver-Burk plots. The V 
RESULTS
The MC Domain of eRF1a Promoting eRF3 Bound to GTP eRF1 and eRF3 form a complex through interaction of their C-terminal domains [6, 13, 22, 29] . Recent data for humans show that the M domain of eRF1 is in contact with the GTPase domain of eRF3 [5, 18] . In order to determine the effect of the MC domain of eRF1a on the GTPase activity of eRF3 in E. octocarinatus, fluorescence spectra were employed. The fluorescence emission spectra of the eRF3C·eRF1aMC complex, using an excitation wavelength of 295 nm, are shown in Fig. 1A . The fluorescence emission maximum of the eRF3C·eRF1aMC complex was at 334 nm (Fig. 1A) . The fluorescence is due to the 4 tryptophan residues of eRF3C and the single tryptophan residue of eRF3MC [20, 33] . The fluorescence of the eRF3C·eRF1aMC complex was partly quenched after addition of increasing concentrations of GTP or GDP ( Fig. 1A and 1B) . At the same time, the fluorescence of eRF1aMC was detected with the addition of GTP (Fig. 1C) or GDP (data not shown). The result showed that the fluorescence intensity was decreased slightly owing to the dilution. Thus, the decreased emission intensity of the eRF3C·eRF1aMC complex after addition of GTP or GDP was due to the fluorescence change of tryptophan in eRF3C. The dissociation constants of the eRF3C·eRF1aMC complex bound to nucleotides in the presence of 2 mM MgCl 2 were calculated on the basis of the fluorescence quench of eRF3C·eRF1aMC after addition of nucleotides. We assumed that the eRF3C·eRF1aMC complex had n GTP/GDPbinding sites that were independent and identical. The dissociation constants were then fitted using Eqs. (1)- (5). 
where E is the eRF3C·eRF1aMC complex; G is GTP/GDP; (2) . The dissociation constants of the eRF3C·eRF1aMC complex bound to GTP/GDP in the presence of 2 mM MgCl 2 were 0.050± 0.016 µM and 0.404± 0.020 µM, respectively, which were calculated from curve c in Fig. 2A and 2B. The affinity of the eRF3C·eRF1aMC complex for GTP was about 8 times higher than that of the eRF3C·eRF1aMC complex for GDP at 2 mM MgCl 2 . By contrast with earlier data [where K D (eRF3C-GTP) is 0.237± 0.008 µM and K D (eRF3C-GDP) is 0.178± 0.008 µM] [31] , eRF1aMC increased the affinity of eRF3C for GTP and decreased the affinity of eRF3C for GDP at 2 mM MgCl 2 . The constant for GTP binding to the eRF3C·eRF1aMC complex was 1.5-fold lower than that [K D (eRF3C·eRF1a-GTP) is 0.035± 0.003 µM] for the eRF3eRF1a complex at 2 mM MgCl 2 [31] . The affinity for GDP binding to the eRF3C·eRF1aMC complex was virtually the same as that [K D (eRF3C·eRF1a-GDP) is 0.379± 0.02 µM] for the eRF3C·eRF1a complex at 2 mM MgCl 2 [31] .
eRF1a MC and Mg
2+ Cooperatively Promote GTP Binding to eRF3 Mg 2+ is an important cofactor of GTPase. In order to measure the effect of Mg 2+ on the binding of GTP to the eRF3C·eRF1aMC complex, the dissociation constants of the eRF3C·eRF1aMC complex bound to GTP/GDP in the presence of different concentrations of Mg 2+ were determined as described above. They were calculated from the curves in Fig. 2A and 2B as appropriate. As shown in Table 1 , with an increasing concentration of Mg Fig. 2 . Dissociation constants for eRF3C·eRF1aMC binding to nucleotides. affinity of GTP for the eRF3C·eRF1aMC complex was slightly increased and the affinity of GDP for the eRF3C·eRF1aMC complex was slightly decreased. On the basis of these observations, we suggest that binding of GTP to eRF3 in the presence of eRF1aMC is dependent on the concentration of Mg
2+
.
Role of eRF1aMC in the GTP Hydrolysis Activity of eRF3
The GTP hydrolysis of eRF3C in the presence and in the absence of eRF1aMC was followed by HPLC. The results showed that eRF1aMC could significantly increase the GTP hydrolytic activity of eRF3C (Fig. 3A) , which is similar to the function of eRF1a [31] . The kinetic parameters of eRF3C in the presence of eRF1aMC were determined from the curve in Fig. 3B : V max is 0.93 pmol/s, K m is 0.24 mM, and K cat is 0.019/s. In contrast to the data for eRF3C in the presence of eRF1a (V max 4.30 pmol/s, K m 0.5 mM, and K cat 0.086/s) [31] , the GTP hydrolytic activity of eRF3C in the presence of eRF1aMC was less than that with full-length eRF1a. In the presence of eRF1aMC, V max and K cat were 4 times less than that with eRF1a, and K m was half of the value in the presence of eRF1a (Fig. 3B) .
Conformational Changes of eRF3 Bound to GTP
Earlier studies have shown that eRF1a promotes the GTPase activity of eRF3C [31] . The present study shows that eRF1aMC is the major component of eRF1a, acting as a cofactor to increase the eRF3C GTPase activity. Furthermore, eRF3C bound to GTP was promoted cooperatively by eRF1aMC and Mg
2+
. To better understand these observations, changes of the secondary structure of eRF3C after binding GTP/GDP were investigated by far-UV circular dichroism (CD) spectroscopy in the presence and in the absence of Mg 2+ and eRF1a/eRF1aMC/eRF1aN. The CD spectrum of eRF3C had minima at 208 nm and at 222 nm (Fig. 4A) . The addition of GTP did not induce any marked change of the eRF3C CD spectrum in the presence or in the absence of MgCl 2 (Fig. 4A) . The same result was observed for GDP binding to eRF3C (data not shown). These results are consistent with the earlier observation that GDP/GTP binding to yeast eRF3c did not induce any dramatic conformational changes [17] .
The interaction of GTP with eRF3C in the presence of eRF1a was studied by CD spectroscopy. The results showed that the CD spectrum of the eRF3C·eRF1a complex also had minima at 208 nm and at 222 nm (Fig. 4B) . The addition of GTP induced changes of the eRF3C·eRF1a complex CD spectrum (Fig. 4B) . Furthermore, the addition of Mg 2+ induced further changes of the conformation of the eRF3C·eRF1aGTP complex (Fig. 4B) . We investigated the interaction of GDP with the eRF3C·eRF1a complex under the same conditions. The results showed no change of the CD spectrum for the eRF3C·eRF1a complex after the addition of GDP (Fig. 4C ) and the CD spectra of eRF1a with or without GTP were very similar (Fig. 4D) . Thus, changes of the secondary structure of the eRF3C·eRF1a complex induced by GTP were due to changes in eRF3C binding GTP. There was no change of the conformation of the eRF3·GTP complex, but changes were detected in the presence of eRF1a (Fig. 4A and 4B) . Furthermore, the addition of Mg 2+ induced further changes of the conformation of the eRF3C·eRF1a·GTP complex (Fig. 4B) . These results indicate that change of the conformation of eRF3 when bound to GTP is dependent on eRF1a and Mg
. eRF1 consists of domains N, M, and C [30] . The N domain of eRF1 is thought to recognize the stop codons [30] and the C domain interacts with eRF3 [6, 13, 22] . Recent data show that the M domain of eRF1 is in contact with the GTPase domain of eRF3 in humans [5, 18] . To investigate the role of the individual domain of eRF1a in conformational changes of eRF3 bound to GTP, changes of the secondary structure of eRF3C after binding GTP/GDP were investigated by far-UV CD spectroscopy in the presence and in the absence of eRF1aMC and eRF1aN. The results showed that the CD spectra of the eRF3C·eRF1aMC and eRF3C·eRF1aN complexes also have minima at 208 nm and 222 nm (Fig. 4E-F) . The presence of eRF1aMC induced change of the conformation of eRF3C bound to GTP (Fig. 4E) , which is similar to the role of full-length eRF1a. Furthermore, the addition of Mg 2+ induced further changes of the conformation of the eRF3C·eRF1aMCGTP complex (Fig. 4E) . However, no change of the conformation of the eRF3C·GTP complex formation was detected in the presence of eRF1aN (Fig. 4F) . Similar to full-length eRF1a, eRF1aMC and eRF1aN did not induce any change of the conformation of eRF3C bound to GDP (data not shown), and the CD spectra of eRF1aMC and eRF1aN were similar with or without GTP (data not shown). These results show there was a change of the conformation of the eRF3C·GTP complex in the presence of eRF1aMC, which is in contrast to the absence of change in the eRF3C·GTP complex in the presence of eRF1aN. These results suggest that the MC domain of eRF1a is responsible for the change of conformation of eRF3 bound to GTP.
In summary, the results presented here suggested that (i) change of the conformation of eRF3 bound to GTP is dependent on eRF1a and Mg
; and (ii) the MC domain of eRF1a is responsible for the change of conformation of eRF3 bound to GTP.
DISCUSSION
The role of eRF1aMC in the GTPase activity of eRF3 was determined in this study. The results indicate that the GTPase activity of eRF3 is promoted by eRF1aMC. Furthermore, the affinity of eRF3 for GTP increased by . These observations of E. octocarinatus are consistent with earlier data reported for other species [7, 9, 10, 18, 24, 26] .
The addition of GTP induced changes of the eRF3C·eRF1a complex CD spectrum. This is in contrast to no observed changes of the CD spectrum for the eRF3C·eRF1a complex after the addition of GDP. These results indicate GTP-mediated alterations in the eRF1a·eRF3 complex. Previous data from humans showed that the structural rearrangement of the eRF1·eRF3 complex was dependent on GTP [19] , which supports our observations. In addition, Dom34 and Hbs1 are paralogous to eRF1 and eRF3, respectively [2] . The biochemical properties and structure of the Dom34·Hbs1 complex are similar to the eRF1·eRF3 complex [3, 4, 28, 34] . Dom34 increases the binding of GTP to Hbs1, and GTP increases the binding of Dom34 to Hbs1 [4] . The mutants of Hbs1 that impair GTP binding impede the no-go mRNA decay (NGD), which suggests that GTP-induced rearrangements are a prerequisite for initiating NGD [34] . These previous studies lend further support to our results.
In E. octocarinatus, change of the conformation of eRF3 bound to GTP is dependent on eRF1a and Mg 2+ , indicating that E. octocarinatus eRF3 is a cofactordependent GTPase [11] , and eRF1a and Mg 2+ function as cofactors of eRF3. However, the results of the present study show that the roles of eRF1a and Mg 2+ as cofactors are different. In the absence of eRF1a, the addition of Mg 2+ alone does not induce a change of conformation upon eRF3 binding GTP. Furthermore, the presence of only eRF1a can induce a change of the conformation of eRF3 bound to GTP. These observations suggest that eRF1a is an essential cofactor for a change of conformation of eRF3·GTP. In the presence of eRF1a, Mg 2+ can further induce a change of the conformation of eRF3 upon binding to GTP, indicating Mg 2+ has an assistant function for eRF1a-dependent change of conformation of eRF3 upon binding GTP.
This study showed that the MC domain of eRF1a is responsible for the change of conformation of GTP binding to eRF3. Recent studies showed that the M domain of eRF1 can interact with eRF3 in humans, and that Arg192 in the M domain is important for the stimulatory effect of eRF1 on the GTPase activity of eRF3 [5, 18] . Molecular modeling and small-angle X-ray scattering (SAXS) analysis predicted that Arg192 in the M domain of eRF1 in humans is in close contact with the switch regions of eRF3 [5] . Multiple sequence alignment of various species showed that Arg188 in E. octocarinatus eRF1a corresponds to Arg192 of eRF1 in humans (Fig. 5) . The role of Arg188 in E. octocarinatus eRF1a might be similar to that of Arg192 of eRF1 in humans. We speculate that Arg188 in E. octocarinatus eRF1a contacts the switch regions of eRF3 in the process of eRF1a binding to eRF3, which might cause a change of conformation in the switch region of eRF3. In this state, like other G proteins, eRF3 can undergo a change of conformation after the addition of Mg 2+ /GTP. Abbreviations eRF1aMC, the MC domain of eRF1a; eRF3C, the G region and eRF1a-binding region of eRF3; eRF1aN, the N domain of eRF1a; PCR, polymerase chain reaction; IPTG, isopropyl-1-thio-β-D-galactoside; SDS-PAGE, SDSpolyacrylamide gel electrophoresis.
